Although the cellular and molecular responses to exposure to relatively high temperatures (acute thermal stress or heat shock) have been studied previously, only sparse empirical evidence of how it affects cold-water species is available. As climate change becomes more pronounced in areas such as the Western Antarctic Peninsula, it has become crucial to understand the capacity of these species to respond to thermal stress.
adaptation in the future. In this manuscript we present the first transcriptomic analysis of the effect of acute warming on a cold-adapted sponge.
Methods

Animal Collection and Heat Treatment
Adult samples of the Antarctic sponge Isodictya sp. were collected by SCUBA diving at 10 m depth in Cape Kemp, off Yelcho Research Station, Doumer Island, WAP (64°51′S 63°35′W, Fig. 1B ). Sponges were then transferred to the laboratory at Yelcho Station, where they were maintained in 140 L fiberglass tanks with unfiltered, flowing seawater for a week to allow acclimation to laboratory conditions. Tanks were covered with two layers of 1 mm shade cloth (fiberglass 50% neutral density screen) to represent light levels occurring in situ. Relative light intensity levels and temperature in the experimental tanks were measured (1 measurement every 15 minutes) during the duration of experiment with a HOBO Pendant® temperature/light data logger (Onset, USA). Sponges were then placed into one of three possible treatment conditions -a control tank, where samples were maintained in seawater pumped directly from the sea floor (5 -10 m depth) at approximately 0.5 °C, or one of two possible treatment temperatures, 3 and 5 °C, with water warmed in a header tank before pumping into the treatment area, and subsequently maintained at a set temperature using SOBO Aquarium heaters (500 watt). Sponge samples were placed in individual treatment tanks, for a total of 6 treatments (2x control, 2x 3 °C, 2x 5 °C) although one control sample was not used for analysis as described in Results and Discussion.
Libraries were sequenced on a Hiseq2500 sequencer by the Macrogen provider, using approximately one half of a run in total. The sequencing provider performed initial assessment of read quality and de-multiplexing of reads according to their procedures, and provided us with paired-end reads for download from an external server, with no unpaired orphan reads retained by this process.
Quality Control and Assembly
We confirmed the removal of adapter sequences and overall sequence quality using the FastQC program 43 . Low-quality regions of reads were trimmed using Trimmomatic 0.33 44 Trimmed reads from all samples were assembled into a reference transcriptome using
Trinity version 2013_08_14 46 , with two non-standard settings: a minimum contig length of 200 bp and in silico read normalisation. DeconSeq standalone version 0.4.3 47 was used to remove contamination, with settings -i 50 -c 50, using pre-prepared bacterial, archean, hsref and viral databases (2, 206 , 155, 1 and 3,761 complete genomes respectively), resulting in our final reference assembly. This is available from the DOI and URL below as Supplementary File 1.
Phylogenetic Analysis
28S and HSP70 sequences were extracted from our assemblies using BLASTN 48 on a local server, using sequences of known orthology from Genbank as search queries. These were aligned to previously published sequences downloaded from the NCBI database using MAFFT 49 . HSP70 gene alignments were cured using Gblocks 50 , although this was not necessary for the
Transcriptome analysis and annotation
To assess the content of the transcriptome BUSCO v1.1b1 55 was run against the reference transcriptome, using the eukaryotic and metazoan Basic Universal Single Copy Orthologue (BUSCO) cassettes to estimate completeness. Annotation of contigs was performed by translating the longest ORF for each contig using the getORF.py python script, taking the longest ORF, then using standalone BLASTP 48 (cutoff E value 0.000001) to search against the refseq protein database. This was supplemented using Blast2GO Pro 56 , where full InterPro scanning, mapping, annotation (including ANNEX) and enzyme code mapping was performed, the complete annotations for which are available as Supplementary File 2.
The KAAS-KEGG automatic annotation server was used to gain an understanding of the recovery of complete pathways in our transcriptome. These were generated using the online tool 57 rather than as integrated into Blast2GO, due to the increased functionality of the standalone server. The bi-directional best hit method was used to identify and annotate the longest orfs from our contigs, with the protein sequences generated earlier used as the basis for these comparisons against a range of eukaryotic species. The maps generated by this were compared directly against extant ones previously generated for the sponge Amphimedon queenslandica, and the complete annotations are available as Supplementary File 3.
Differential Expression Analysis and Over-representation Analysis
Comparative analyses of gene expression were performed using RSEM 58 as packaged within the Trinity module, using Bowtie2 59 for alignment. The three treatments (control, 3 and 5 °C) had their replicates cross-sample normalised according to Trimmed Mean of M-values. The three treatments were then cross-compared using edgeR 60 with a p-value cut off for FDR of
Results and Discussion
Sequencing and Read Cleaning
While 5 individual samples are noted here (a single control, and two replicates for both the 3 °C and 5 °C treatments) another control sample was also initially taken and sequencing performed as described above. Despite being morphologically identical, our initial assays of the sequences from that sample, and particularly the sequence of common molecular markers used in phylogenetic comparison, including 28S rRNA and cytochrome c oxidase 1 (CO1) markers, revealed that it is in fact a cryptic related species, which will be the subject of description in the future (see Fig. 1C ). We have therefore not included this sample in any of the further analyses described in this work.
Basic sequencing metrics can be seen in Table 1 , alongside those after read cleaning.
Our initial FastQC analysis revealed the presence of low quality nucleotide sequence in the second file of many pairs. Cleaning was therefore stringent, and resulted in markedly fewer, but much better average quality, reads for all samples, which were then used for assembly of the reference transcriptome and for differential expression analysis. GC% (which can be a crude proxy for contamination or changes in expression) was even through all our samples, between 44 and 46%, and changed little with cleaning. A small number of over-represented sequences were also initially observed in our reads, as is commonly observed in Illumina-based transcriptomic analysis due to known biases in hexamer binding 62 . The difference in average quality after cleaning was modest, with an average difference of around 2 in Phred score, but this difference will be due to the removal of error-prone reads (see total number of reads retained) and we are confident that mapping results benefitted from the stringent cleaning process, which prevented both mis-assembly in the de novo assembly and mis-alignment in the course of read mapping. Our original reads have been uploaded to the NCBI SRA with accession number PRJNA415418.
Assembly and Completeness
Reads from all 5 samples were used to construct a reference assembly, for use in further analysis (Supplementary File 1). We checked this for potential contamination using
Deconseq, comparing our data to known bacterial, viral, 'archaea' (sensu 63 , we are aware of archaean paraphyly) and human genomic sequences. With very permissive settings for recognition as foreign sequence (minimum thresholds for removal, 50% similarity across at least 50% of the contig length) 797 contigs were tagged as potential contamination. These were removed from our dataset before further analysis. It should be noted, however, that particularly novel bacterial sequences not yet represented in the nr database may still be present in our data, despite the use of polyA sequencing, as these could not be represented in our removal database and therefore will not have been removed. While beyond the scope of this manuscript, changes in symbiont content may be vital for long-term adaptation to change, and these may be of interest to future study.
Statistics related to our cleaned reference assembly can be seen in Table 2 , and the distribution of size and GC% can be seen in Fig 2. A total of 90,188 contigs are present, and
Trinity, a splice aware assembler, has automatically assigned 70,844 as independent "genes". A small amount of heterozygosity or potential splice variation has therefore been recognised by the assembly software, with 19,344 contigs flagged as isoformal variants of other contigs in our assembly. This is not unusual, and is in fact less than that recognised in some other de novo assemblies (for instance, where every gene possessed approximately 2 "isoform" variants on average 64 ). Our samples may therefore possess little in the way of genetic variability at most loci. Our reference assembly is well-assembled, with a high N50 (1,113 bp) sufficient to span the full length of many protein coding genes. 12,997 contigs were longer than this N50 value, and 14,633 longer than 1kb in length. Given that the expected complement of genes in most metazoans is around 20,000 in quantity, a significant number of these are likely to be represented in these well-assembled contigs.
To test the completeness of our transcriptomic dataset we used the BUSCO approach 55 .
BUSCO analysis revealed our dataset to be remarkably complete (Fig 2, top 
Annotation and Content
To annotate our data, we used a number of automated methods, built around the 1,389 were able to be "mapped" to GO terms. 27 had Interproscan results and were placed into GO categories. While the expected total gene complement of a metazoan is often up to around twice this figure, our annotations are nonetheless a sizable proportion of the expected total gene count of these sponges. It should be noted that only genes with known and annotated homologues in other organisms will be represented in this contingent -as Blast2GO relies on Blast similarity and extant databases, any novel genes will not be well annotated by this process, and we anticipate that a number of the contigs without blast results will be identifiable in the future, as databases and automated methods of gene identification continue to improve.
We also performed KEGG annotation on our de novo transcriptome, to understand the representation of key pathways in our transcriptomic datasets. The results of these annotations are provided in full as Supplementary File 3, but in general recovery was excellent with 37,313 genes annotated to existing KEGG terms. While sponges do not possess the full canonical complements of other metazoan phyla, as these were not present in the common ancestors of sponges and the broader Metazoa, we generally recover the expected gene complements of the Porifera in our reference transcriptomic assembly, when mapped to the A, queenslandica KEGG dataset. Together with BUSCO results and the raw number of annotated genes, this gives us confidence in the depth of our transcriptomic resources. We have used these KEGG maps for detailed examination of key signalling and regulatory pathways, as discussed further below.
Differential Expression Results
We utilised our samples to perform a differential expression analysis, aimed at discerning the specific genes up-and down-regulated by exposure to acute increased temperatures. The sample correlation matrix and heatmap of relative expression for differentially expressed genes can be seen in Fig 3. While replicate samples at 3 °C correlated almost identically with one another, there was slight fluctuation between our 5°C replicates, perhaps due to inter-individual differential responses to these challenging conditions. The large degree to which the 3 and 5 °C treatments resemble one another can be seen in the matrix in Fig. 3A, where the 4 replicates show little differentiation from one another (black regions of matrix). In Fig 3B , while some discreet inter-sample variation is observed, note the large downregulated quadrant of the matrix at bottom right, relative to high relative expression levels in the control sample at far left.
In general, we found a large number of genes whose expression was perturbed by heat There was a significant amount of overlap between these sets. In total, 322 genes were downregulated commonly in both the 3 and 5 °C samples when compared to the control. 383 genes were upregulated commonly in both the 3 and 5 °C samples compared to the control. It is these genes that may be particularly interesting for further analysis, given their conserved role in thermal response, and we have provided these in Supplementary File 5.
The 20 most up and down regulated genes in our control vs 3 °C and control vs 5 °C samples are of clear interest in understanding thermal stress response, and can be seen in 
GO over-representation analysis
To gain a broad understanding of the nature of changes between our samples, we tested differentially expressed genes at given temperatures as our test sets, relative to our reference transcriptomes, and checked for over-representation of any gene categories using
Fisher's Exact Test, correcting for false discovery rate and with a cutoff p value of 0.05, as integrated in Blast2GO. When we compared our control to our 3 and 5 °C samples a variety of statistically significant differences in contig expression were observed (Fig 4A,B) . However, there was no difference in significant GO category expression between our 3 and 5 °C samples, and we infer that this is due to only minor changes between 3 and 5 °C. These contigs change little in expression, as they are either "on" or "off" as a result of heat stress (to a degree which may or may not be significant vs the control), but cannot be modulated any further under additional stress.
In our control vs 3 °C samples (Fig 4A) , GO category representation changed significantly in a number of categories. Among the GO categories downregulated at 3 °C, 'immune response', 'signal transduction' 'serine type endopeptidase inhibitor activity' and 'pantothenate biosynthetic pathway' were significantly more prevalent there than in our overall set. These GO terms indicate that immune responses and normal bodily maintenance may be perturbed by thermal stress. In contrast, GO terms associated with ribosomes and structural molecules are under-represented in this set, and therefore contigs coding for these are not present in the downregulated complement after heat exposure. This is similar to the results observed in Guzman and Conaco2016 37 , as discussed further below.
In the GO categories upregulated at 3 °C, it again seems that normal metabolism is less important for response to thermal stress than cytoskeletal responses and growth factor activity.
Many GO terms related to metabolic activity (e.g. 'phosphate-containing compound metabolic process', 'organic substance biosynthetic process') are under-represented in these genes relative to our overall library, while GO terms linked to microtubules and other cytoskeletal components are significantly over-represented. Taken in concert with our GO term distribution findings from downregulated genes, it seems that structural componentry is significantly upregulated in response to a 3 °C heat shock.
Many of these findings are mirrored in our control vs 5 °C samples ( Fig 4B) . Four GO categories, 'intracellular non-membrane-bounded organelle', 'cytoplasmic part', 'pantothenate biosynthetic process' and 'signal transduction', had similar changes in abundance in downregulated contigs from our 3 and 5 °C treatments compared to the control, and 'growth factor activity' was significantly over-represented in contigs upregulated in response to increased temperature in both samples. These have been underlined in the figure. A small number of additional categories were significantly changed in our 5 °C treatment but not observed in our 3 °C treatment, including a number of categories related to the biosynthesis of specific molecular and cellular components. For instance, the category 'cellular macromolecule biosynthetic process', is less prevalent in downregulated genes, (and therefore not itself present in downregulated contigs), while 'tyrosine biosynthetic process' and other categories are overrepresented in up-regulated genes, reflecting underlying transcriptional activity in that regard, mirroring our findings in the 3 °C treatment.
Previous work 37 observed the upregulation of a number of protective and signallingrelated pathways after heat shock. We see a similar pattern in our data, but the exact categories are not seen in Isodictya as in their warm-water Haliclona tubifera. Protective mechanisms in common with their results include those linked to antioxidant activity and immune response activation, but do not include the toll-like receptor (TLR) signaling pathway. We also observe similar broad representation of cellular ion homeostasis, messenger-mediated pathways, transporter activity and microtubule-based movement-linked categories, but do not see specifically calcium-mediated signaling categories, unlike those seen in their data.
While most of the observed categories in our data are quite broad and reflect changes in a number of gene families, we can observe some quite specific changes in expression. For example, the 'Tumor necrosis factor receptor binding' category is over-represented in downregulated contigs at 5 °C, suggesting that this gene family is not utilised as prevalently after heat shock. This finding was born out by our analysis of discrete contig up-and downregulation, as discussed in detail elsewhere in this manuscript.
Identification of Target Signalling Cascades
Given the large number of un-annotatable, novel contigs in the top 20-most differentially expressed complement, we also adopted a target gene approach. From the lists of differentially expressed genes, we have selected genes previously identified as playing a role in thermal response for further study, as well as transcription factors with potential roles as cellular mediators of this process, as can be seen in Table 4 . Full details of the exact expression levels of all these genes can be found in Supplementary File 4.
Heat shock proteins (HSPs) were prevalent in these complements. We obtained 4
contigs encoding a full-length sequence, corresponding to four isoforms of the gene encoding for HSP70 and related proteins. These four sequences were designed as A1, A2, B and HSP-er (contigs: TRINITY_DN27082_c0_g1, TRINITY_DN12545_c0_g2, TRINITY_DN24395_c0_g1, and TRINITY_DN20850_c0_g1_i1, respectively). The alignment of these four putative HSP70
sequences from Isodictya sp. alongside those previously described in sponges and other marine invertebrates, as well as related species, can be seen in Fig 5A (Full sequences, along with alignment, Supplementary File 6).
The full-length sequence of these proteins showed the presence of three classical signature motifs of the HSP70 family (IDLGTTYS; IIDLGGGTFDVSIL; IVLVGGSTRIPKI/VQK) and the ATP/GTP binding site (Fig 5B) . These four forms of HSP70 in Isodictya possess relatively low sequence similarity (between 41.4% and 68.1% amino acid identity), and individual isoforms are more closely related to some previously described forms, which may indicate that HSP70A and B are ancestrally shared paralogues within the Porifera (Fig 5A) . The HSP70A1 and 2 genes are most closely related to the non-inducible or HSP70 cognate (HSC) described for others invertebrates and vertebrates (Fig 5, Supplementary File 7) . Their Cterminal region contains five repeats of GGMP motif. The tetrapeptide motif GGMP repeats are thought to be involved in co-chaperone-binding activities of constitutive forms 68 . HSP-A sequences have a terminal motif (EEVD) indicating their cytoplasmatic localisation 69 . We do not observe a clear mitochondrial-located HSP70 homologue, but HSP-er shows clear homology to known endoplasmic reticulum isoforms, and clear sequence similarity to those from both vertebrate and invertebrate species (Fig 5B) .
In contrast, the isoform HSP70B showed high sequence similarity to the HSP70 sequence of Xestospongia testudinaria (75.4%) and this sequence does not possess tetrapeptide repeat sequences at the C-terminal (Fig 5B) . HSP-B is therefore likely the "inducible" HSP gene in this species. It was up-regulated during thermal stress in this experiment, listed among the most strongly-changed in expression (Table 3) , and thus shares characteristics of inducible isoforms previously described in other marine invertebrates such as oysters (see 70 ).
In other species, the transcription of HSPs is upregulated in response to a variety of stresses 71 , preventing the mis-folding and aggregation of proteins, but is notably absent in some species of Antarctic fish where HSPs are constitutively turned on in some cases 67 . HSPs however play a clear role in temperature response in Antarctic invertebrates 17, 28, 29 . Given the upregulation of isoform B here, it is clear that this role is conserved in sponges, and this collaborates findings previously in this phylum 37, 72 .
A number of contigs with sequence similarity to the Tumor necrosis factor gene family were observed in our dataset, in both our upregulated and downregulated complements (n.b.
different contigs were present in the two complements). This finding dovetails with the observation of this in the GO term over-representation analysis for contigs downregulated in our 5 °C treatment. This cytokine family is responsible for regulating cell death through ubiquitins, but also has other functions, including the regulation of cell survival, proliferation and differentiation 73, 74 and the downregulation of some members of this class and upregulation of others likely reflects changing cellular processes within our sponge samples of interest to those studying the molecular processes underlying thermal stress responses. A single gene linked to this has previously been observed to be upregulated after heat shock in sponges ( TNFAIP3 37 ) and the additional sequences observed here confirm the likely role of these genes in linking with ubiquitins and mediating cell death and protein degradation in Porifera after heat exposure.
The ubiquitin related genes themselves, which play essential roles in protein degradation 75, 76 , were well recovered in our transcriptome. Fig. 6 shows our annotation of the proteolytic pathway mediated by these genes, as annotated by bi-directional best blast hit. Of genes that are missing, few (12) may be truly absent from our transcriptomic resource-others are also absent from A. queenslandica and may be absent ancestrally. Three components of this pathway, TRINITY_DN31115_c0_g1 (UBE2M; UBC12; ubiquitin-conjugating enzyme E2 M), TRINITY_DN8356_c0_g2 (UBC1; ubiquitin-conjugating enzyme, aka HIP2; huntingtin interacting protein 2)) and TRINITY_DN25219_c0_g1 (UBE3A; E6AP; ubiquitin-protein ligase E3A) were significantly upregulated in our dataset in response to heat exposure. These genes, representing E2 and HECT E3 type ubiquitin conjugating genes could play specific roles in the degeneration of misfolded and degenerated peptides after heat exposure, correlates well with previous findings in other sponge species such as Haliclona tubifera 37 and the specific genes are worth further consideration as potential mediators of this intracellular protective response.
We found a number of notable transcription factor and cell signalling pathways in our upand down-regulated cassettes, including genes in the Notch, Wnt, TNF, Sox and TGF-β pathways, and have targeted these particularly for independent verification by qRT-PCR, as detailed later in this manuscript. These genes do not need to be the most up-/down-regulated genes to have a noted effect on transcription, and they represent intriguing targets as possible controllers of wider processes of molecular adaptation.
In the most similar study to this work previously performed, in the warm water sponge H.
tubifera from Philippines 37 , multiple G protein coupled receptors (GPCRs) were noted as differentially expressed. These genes are posited to allow these sponges to monitor and respond to their environment effectively. Several families of GPCR were noted as effected by heat exposure in H. tubifera, including glutamate, rhodopsin and secretin GPCRs. None of these were observed here, and therefore the light and contraction responses seen in H. tubifera on exposure to heat stress do not seem to be conserved in Isodictya sp. Instead, two families of orphan GPCR, 157 and 161, were noted in our sample. The roles of these specific GPCR in sponges, and in general outside the Chordata, are poorly understood, but their marked upregulation here, and the absence of the plethora of differentially expressed GPCR seen in H.
tubifera, suggests that these explicit genes may play specific roles in sensing or recovering from heat exposure in this particular species.
Other examples of key cell signalling molecules identified in our study include members of the Sox and Wnt gene families, notably Sox2 and dishevelled. These are possibly key in the control of growth response to heat stress -Sox2 in particular is known for its role in the control of pluripotency in stem cell lineages 77 . Growth will both be promoted by higher temperatures, but also necessary for repairing tissue damage caused by exposure to deleterious conditions.
However, by far the most commonly observed family of cell signalling molecules are representatives of the BMP/TGF-β pathway. A variety of contigs with blast similarity to the TGF-β family of signalling molecules were observed in our differentially expressed complements, including a variety of contigs annotated as bone morphogenic proteins and growth differentiation factors, as well as one eyed pinhead and the Tolloid metalloprotease, which act to modulate TGF-β signalling. These molecules are well known as modulators of cell fates, but any role in controlling response to thermal stress has not before been noted in sponges. It is possible that these molecules are acting downstream of HSP70 (as noted by Lee et al. 78 ) or as part of the control of molecular response to physical damage caused by high temperatures 79 . However, the phylogenetic distance between the organisms where this has been studied and sponges is vast, and more targeted analysis is necessary to discern the true roles of these crucial molecules in this Phylum.
We noted the presence of the Hedgehog family of genes in our dataset, with both antioxidant genes in response to thermal challenge in sponges, as also observed in corals 85 . In our data, we observe the upregulation of several contigs with strong similarity to genes with antioxidant activity, glutaredoxin (TRINITY_DN32811_c0_g1_i1) and thioredoxin (TRINITY_DN32811_c0_g1_i3) 37 . The overexpression of these two small redox enzymes might be an effective mechanism in defense against oxidative stress, rather than the synthesis of larger enzymes like catalase, SOD, and GSTs. We also see a contig upregulated with similarity to oxidative stress-induced growth inhibitor 2-like (TRINITY_DN30012_c0_g1_i1), which could play a role in downstream organisation after the detection of an oxidative stress state. It seems likely that these sponges are under severe oxidative stress, and the expression of these genes reflects this.
The presence of allograft inflammatory factor (TRINITY DN_12683_c0_g1_i1) in our datasets was noted as these have been previously studied in Antarctic species such as the sea urchin Sterechinus neumayeri 86 . The deduced amino acid sequence for this contig is composed of 144 aa with a molecular weight of 16.76 KDa and an isoelectric point of 5.06. The Isodictya AIF-1 sequence has a high sequence similarity with that known from the sponge Suberites domuncula, and has two conserved calcium binding motifs known as EF hands (Fig 7) . AIF-1 sequences from several invertebrate and vertebrate species were aligned and showed relatively high levels of conservation of the protein with both groups. Phylogenetic analyses generated a congruent tree positioning the AIF from sponges in a cluster with corals, distinct from vertebrate sequences. In general, allograft inflammatory factor is known for its role in recovery from injury, rather than any specific role in protecting against heat shock 87 . It has been studied in sponges previously 88 , where it has been shown to act to activate immunocyte-like activity, as well as in protection immediately after trauma, a role which has also been noted in mammalian models. In the Japanese oyster Crassostrea gigas AIF-1 stimulates hemocyte immune activation by enhancing phagocytosis and expression of inflammatory cytokines 89 . Its role in the thermal stress response might therefore be in protection against infection, rather than directly in tissue repair, but both these processes are undoubtedly necessary under prolonged periods of acute thermal stress.
Proper functional dissection of the roles of these genes in these sponges is, however, beyond the scope of this manuscript, although these present excellent targets for future work.
That Antarctic species of sponge utilize many of the same pathways to respond to thermal stress as warmer water species is a useful if unsurprising finding. Their efficacy at moderating response to different levels of stress does however seem to be diminished, with many of these genes expressed at both 3 and 5 °C, with no significant difference in their expression levels between these temperatures, as noted elsewhere in this work.
Poriferan Responses to Temperature Stress
Our results, when considered alongside previous findings in sponges from other latitudes, corroborate previous conclusions regarding their transcriptomic response to acute thermal stress, while suggesting specifically that cold-adapted sponges may have a limited range of tolerance to increased temperatures.
The changes in transcription which occurred in our samples after thermal exposure confirmed that a poriferan heat-response cassette can be activated by increased temperatures, and is present in this species. The complements of all 4 replicates in both conditions were very similar in both overall pattern and individual composition, with differentially regulated contigs often perturbed in common at both temperatures. Previous work on sponges from other latitudes 37, 54 showed that HSP70 and ubiquitin-related genes were specifically upregulated in response to thermal stress. Our work echoes this finding, observing the activation of similar genes, such as oxidation-stress related genes. The nature of the thermal stress response therefore is broadly similar to that seen in other sponge species. What may differ in Antarctic species of sponge is the limits of tolerance.
In other sponges, the degree and type of transcriptional response is temperaturedependent, with specific genes activated at different temperatures 39 , where the holobiont changes, or 37 , where the sponge itself adapts its transcription). In contrast, our findings showed few significant differences in the transcriptional response of sponges at 3 and 5 °C. We also do not see changes in quite the same gene cassettes, with the absence of differentially expressed GPCR and toll-like receptor (TLR) signaling genes in our data a notable difference. While previous research has demonstrated that some Antarctic species are not able to respond to additional increases in seawater temperature, other such as Nacella concinna or Laternula elliptica showed a classic thermal stress response that can over-express heat stress chaperones during the heat response 90 .
A number of differences are noted in the response of cold water sponges here, when contrasted with those of warm-water species 37 . Particularly, there does not seem to be the degree of incremental change that can be seen in the transcriptional profile of warm water species to increasing temperatures, and an "all or nothing" response is observed instead. Our results did not test whether cold-adapted sponges could, in time, adapt to sequentially higher temperatures, and this would be a useful follow-up experiment to those described here. It may be possible that with a period of acclimation, sequential rises in temperature can be met by successive rounds of molecular adaptation. However, at present we cannot speculate as to whether that is possible in this species.
Conclusions
Climate change is a pressing issue globally, and will have a range of effects on organisms worldwide. While some of these effects are more obvious or better studied than others, it is some of the least-studied species which will bear the brunt of these conditions, and these will have a variety of knock-on effects, the extent of which we are yet to catalogue. Here we have studied one such species, a locally abundant sponge, highly specialised to life in Antarctic conditions. We have generated an excellent reference transcriptome, and begun to identify the molecular responses that these species will use to adjust to warmer ambient temperatures. Further, we have demonstrated the clear stress that even a modest increase in temperature over a short time frame will place on such a specialist species, and that additional increases in temperature are likely to be of great consequence.
Isodictya already exercises a full measure of transcriptomic response to ambient temperatures of 3 °C, and further acute stress at 5 °C leaves it little further "wriggle room".
Whether this stress results, in the wild, in the death of these sponges, or whether, given time, they will adapt to increased temperatures, is at present uncertain. However, in the interim the results presented here will allow us to begin to understand the impact of increased temperatures on these still under-investigated, but nonetheless vital, species. 103 (in magenta), which was excluded due to its being identity as a cryptic, but separate, species. 
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